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In this talk latest results from the analysis of e + e~-pairs emitted in Pb+Au collisions 
at 40 AGeV/c and a combined analysis of all data available at 158 AGeV/c are presented. 
The enhancement of low-mass e + e~-pairs (m ee >0.2 GeV/c 2 ) with respect to the expected 
yield from hadron decays first reported at 158 AGeV/c is also found at 40 AGeV/c and is 
even larger there. Comparing to various theoretical models based on 7t + tt~ annihilation, 
the data can only be reproduced, if the properties of the intermediate p in the hot and 
dense medium are modified. Theoretically, the modification is linked to baryon density 
rather than temperature. Constraints from hadron data taken at the same beam energies 
indeed indicate a fireball evolution along a trajectory of higher baryon density at 40 
AGeV/c, consistent with the observed larger enhancement factor. 
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1. INTRODUCTION 

Along with the deconfinement phase transition to the quark gluon plasma (QGP), chiral 
symmetry is expected to be restored. The energy density at which the phase transition 
is predicted by two-flavor lattice calculations is e ~ 0.7 GeV/fm 3 [ I] with large errors 
due to uncertainties in the critical temperature. Simple estimates employing the Bjorken 
expansion scenario [ |2| show that the initial energy density reached in central Pb+Pb 
collisions is about 3 GeV/fm 3 at the full SPS energy. The totality of the observables has 
led to the announcement that a new state of matter is indeed formed in central heavy ion 
collisions at the SPS [|!|. The measurement of e + e~-pairs is particularly well suited to 
study this matter since they are emitted throughout the entire collision and are themselves 
not subject to the strong final state interaction. In this context, the decay of the p vector 
meson into e + e~-pairs is of particular interest, due to its direct link to chiral symmetry 
restoration. Because of the short lifetime (1.3 fm/c), e + e~-pairs from p decays are 
dominated by decays within the hot and dense medium, directly mirroring its properties. 
Experimentally, however, the study of e + e~-pairs is notoriously difficult, because of the 
small production cross section as well as the large combinatorial background in heavy ion 
collisions. 

In the following we briefly describe the experimental setup, followed by a description 
of the electron analysis procedure. We then present results from a combined analysis of 
all the data that were taken at the full SPS energy of 158 AGeV. Then the final results 
of the data taken at 40 AGeV are shown. We conclude after a comparison of the data to 
models and a discussion of the fireball evolution. 

2. CERES SETUP 

The CERES spectrometer is optimized to measure e + e~-pairs in the mass range up to 
about 1 GeV/c 2 in the range 2.1< 77 <2.65 close to midrapidity. A cross section through 
the azimuthally symmetric setup is shown in Figure 1. 

A segmented micro target (8 disks of Au of 25 pm thickness and 600 pm diameter evenly 
spaced along 22 mm) is followed by a set of two Silicon Drift Detectors (SDD1/SDD2) 
at a distance of 10 cm and 13 cm respectively. The segmentation minimizes conversions 
of photons in the target. The set of silicon drift detectors provides precise determination 
of the angles of all charged particles, determination of the event vertex, and the total 
charged particle multiplicity for each event. Along with the position measurement the 
specific energy loss is recorded for each charged particle. 

Electrons are identified with two Ring Imaging Cherenkov counters (RICH1/2) which 
are operated at a threshold of j t h — 32 suppressing more than 99% of all charged hadrons. 
In 1995/96 the spectrometer was operated with a radial magnetic field provided by two 
air coils with counter-running current in between the two RICHes [ |J . With this setup a 
mass resolution of about 5.7% was reached in the mass region of the p/uj. 

For the runs in 1999/2000 the experiment was upgraded by the addition of a radial 
TPC [ H inside a separate radial magnetic field (B max =0.5 T). Over the total length of 
2 m a maximum of 20 hits are recorded for each charged particle track. In the 1999 
analysis a mass resolution of about 4.2% was achieved in the p/u region. For the 2000 
data the goal is to reach with better calibration about 2%. For runs with the TPC the 
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Figure 1. Cross section through the upgraded setup of the CERES spectrometer 



magnetic field between the RICHes was switched off and electrons were identified by 
combining the two RICHes, improving the electron efficiency to about 90% (as compared 
to about 70% in 1995/1996). 

A compilation of all Pb+Au events taken with different configurations of the CERES 
spectrometer is shown in Table III. 

The data taken in 1995 and 1996 used the original CERES setup without the TPC. All 
data taken thereafter employed the upgraded setup shown in Figure 1. The new read-out 
of the experiment was only partially operational for the low energy run at 40 AGeV/c in 
1999 limiting both statistics and performance. The large data sample taken in 2000 at 
the full SPS energy is still being analyzed. 



3. ELECTRON ANALYSIS 

While e + e~-pairs are an attractive probe, they are notoriously hard to measure due 
to the small production cross section and the enormous combinatorial background from 
unrecognized photon conversions and 7r° Dalitz decays. The analysis steps for the 1995/96 



data are detailed in Ref. [ |12j. Here, we only describe the analysis of data taken with 
the TPC and the field between the RICHes turned off. Electron candidates are selected 
when ten or more photon hits in RICH1 and RICH2 form a ring with asymptotic ra- 
dius. To those candidates a transverse momentum cut of 200 MeV/c is applied reducing 
contributions from tt° Dalitz decays and conversions by about a factor of 10. Electron 
identification is further improved, removing high-p t pions and accidental matches between 
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Table 1 

Number of collected Pb+Au events along with the respective trigger cross sections. 



Year 



Pbeam 



Events 



1995 
1996 



158 AGeV/c 
158 AGeV/c 



35% 
30% 



8.5-10 6 
43-10 6 



1999 
2000 



40 AGeV/c 

80 AGeV/c 
158 AGeV/c 



30% 

<30% 
8(25)% 



8-10 6 - partial readout 

0.5-10 6 
33(3.4)-10 6 



the RICHes and the TPC, by a cut on specific energy loss in the TPC vs. momentum 
as shown in Figure Those conversions and Dalitz pairs with very small opening angles 
that do not lead to separate rings in the RICHes are efficiently removed by rejecting tracks 
with large specific energy loss in both silicon drift detectors as shown in Figure |3|. Further, 
electron candidates without a match in the TPC within 70 mrad of an electron track are 
also removed. The complete set of cuts employed in the analysis is shown in detail in 
Ref. [ H 0> HI- Finally, the invariant mass spectrum of e + e~-pairs is obtained by sub- 
tracting twice the geometric average of the remaining like-sign pairs from the remaining 
unlike-sign pairs (N e + e - — 2^N e + e + ■ N e - e -). 



Figure 2. Specific energy loss in the TPC 
for electron candidates identified with the 
RICHes. The indicated cut was used to 
efficiently reject a remaining contamination 
from pion tracks. The cut at p=l GeV/c 
corresponds to the pt-cut of 0.2 GeV/c. 




SDD1 dE/dX (relative units) 



Figure 3. Specific energy loss for charged 
particle tracks in the two silicon drift de- 
tectors. The cut indicates unresolved pairs 
of tracks mostly due to conversions. 
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4. Pb+Au AT 158 AGeV/c 

4.1. Invariant mass spectrum of e + e~-pairs 

Analyses of the invariant mass spectra of e + e~-pairs from the runs in 1995/1996 have 
been published [ || [K| PHI . In all cases cuts on the pair opening angle (0 ee > 35 mrad) 



and the transverse momentum of the single electron track (jp t > 200 MeV/c 2 ) have been 
applied, and the spectra were compatible within their respective statistical and systematic 



errors. Recently [ [E| the data of 1995 and 1996 were combined in a unified analysis 
approach. For the two runs the trigger cross-section was slightly different. The cross 
section for the combined data corresponds to the 32% most central events. The average 
charged particle multiplicity is (N ch ) = (dN ch /dr]) ■ Ar] = 245 • 0.55 = 135 for the quoted 
rapidity interval. Since the efficiency for detecting e + e~-pairs depends on multiplicity, an 
efficiency correction is applied on an event-by-event basis. In the combination, the data 
were averaged bin-by-bin with weights according to the inverse squares of the relative 
errors of the individual measurements. 



: 1 11 i 11 1 i 1 1 1 i 1 11 i 1 11 i 1 11 i 1 1 1 i 1 11 i 1 : 
: Pb-Au 158 AGeV a/o „ 30 % 



<dN ch /dT!>=245 - 




m ee (GeV/c 2 ) 



Figure 4. Invariant mass spectrum of e + e~- 
pair emitted in 158 AGeV/c Pb+Au colli- 
sions from the combined analysis of 1995 
and 1996 data. The solid line shows the 
expected yield from hadron decays, dashed 
lines indicate the individual contributions 
to the total yield. See text for a discussion 
of systematic errors. 
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Figure 5. Comparison of the experimental 
data to i) free hadron decays without p de- 
cays (thin solid line), ii) model calculations 
with a vacuum p spectral function (thick 
dashed line), iii) with dropping in- medium 
p-mass (thick dash-dotted line, iv) with a 
medium-modified p spectral function (thick 
solid line). 



The combined data are shown in Figure ^. The yield of pairs with m ee > 0.2 GeV/ c 2 for 
the entire data sample is 2666±260 with a signal-to-background ratio of 1/12. On top of 



6 



the statistical errors, the spectrum has systematic errors of 20% for m ee < 0.2 GeV/c 2 and 
28% on average for m ee > 0.2 GeV/c 2 , larger here due to the background subtraction and 
smoothing procedure. The background smoothing procedure introduces an additional 7% 
uncertainty in the overall normalization of the spectrum for m ee >0.2 GeV/c. A detailed 
description of all errors can be found in Ref. [ §, [H| 

In Figure |] the data are compared to the yield from hadron decays obtained from 
a cocktail containing particle ratios from a statistical model fitted to measured parti- 
cle ratios in Pb+Pb collisions. Rapidity and transverse momentum distributions of the 
particles are taken from systematics of Pb+Pb collisions. The resulting distribution 
has been folded with the experimental mass resolution (5.7% in the u region). In the 
region m ee > 0.2 GeV/c 2 the data exceed the yield from the cocktail by a factor of 
2.3±0.2(stat)±0.6(syst). An additional systematic error of 0.7 is connected to the decay 
cocktail. The enhancement is not observed in proton induced reactions [ IT3 . 



An independent analysis was performed using event mixing to generate the background [ 
TA\. The shape of this background is found to be identical to that of like-sign pairs, and 



the resulting invariant mass spectrum agrees well with the one in Figure |j. In addition, 
a lower single electron p r cut > 100 MeV/c 2 was used resulting in a factor of two more 
statistics for e + e~-pair masses above 0.2 GeV/c 2 at a factor of three worse signal-to- 
background ratio. Again the resulting invariant mass spectrum agrees well with the one 
shown in Figure 

In Figure [| the data are compared to the yield from various models based on 7r + 7r~ anni- 
hilation with an intermediate p vector meson. The hadron decay cocktail is added without 
any contribution from the p to avoid double counting (thin line). Using the vacuum p 
spectral function produces the thick dashed line. The other two model calculations both 
contain modifications of the p spectral function. They involve in-medium p spectral func- 
tions with either a dropping p mass [ [T5| (thick dash-dotted line) or with a spread p width [ 
[L6| (thick line). Clearly, a modification of the p properties in the medium is needed to 
reach agreement with the experimental data. Unfortunately, the data do not allow to 
discern between the two different scenarios. 
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Figure 6. En- 
hancement of e + e~- 
pairs from Pb+ Au col- 
lisions at 158 AGeV/c 
with respect to the 
yield expected from 
the hadron decay cock- 
tail as a function of 
multiplicity and pair 
mass. 
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4.2. Multiplicity dependence of the enhancement 

The combined data sample was subdivided into four different multiplicity bins. For each 
of these bins and for three different intervals in invariant mass, the ratio of the integral 
yield of e + e~-pairs to the expected yield from the hadron decay cocktail was evaluated. 
The results are shown in Figure |6|. The mass region below 0.2 GeV/c 2 , dominated by 
7T° Dalitz decays, is well reproduced by the cocktail for all centralities. In the mass 
region 0.2 GeV/c 2 < m ee <0.6 GeV/c 2 the enhancement with respect to the cocktail rises 
approximately linearly with multiplicity indicating that the rise of the integrated e + e~- 
pair yield is consistent with a quadratic multiplicity dependence; this is roughly expected 
for a two-body process like 7r + 7r~ annihilation. 

5. Pb+Au AT 40 AGeV/c 

In 1999 the SPS delivered a 40 AGeV/c Pb-beam when the upgraded CERES spec- 
trometer had just been commissioned. Preliminary results of what is presented in the 
following have already previously been shown [ |6|, [?|. The data contain central events 
with an average multiplicity density at this energy of (dN ch /dr]) = 216. 

5.1. Invariant mass spectrum of e + e -pairs 
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Figure 7. e + e~-pair mass 
spectrum from Pb+Au colli- 
sions at 40 AGeV / c compared 
to free hadron decays and var- 
ious model calculations (line 
codes as in Fig. ^). Errors 
shown are only statistical, see 
text for a discussion of sys- 
tematic errors. 
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The analysis leading to the invariant mass spectrum for the 40 AGeV/c data shown in 
Figure |7| has been outlined in Section || and is described in detail in [ |[]. The resulting 



8 



spectrum contains 249±28 e + e~-pairs in the mass range below 0.2 GeV/c 2 at a signal- 
to-background ratio of 1/1. The integrated yield for high mass pairs above 0.2 GeV/c 2 is 
185±48 pairs at a signal-to-background ratio of 1/6. The systematic errors are 16% and 
20% for the low and high mass region, respectively. 

For the comparison to the hadron decay cocktail the particle ratios have again been 
taken from statistical model fits adjusted to measured ratios from Pb+Pb collisions at 
40 AGeV/c. Also the rapidity distributions and transverse momentum spectra follow the 
systematics of measurements at 40 AGeV/c. Again the cocktail has been folded with the 
experimental mass resolution (4.2% in the uo region). 

In the low mass region m ee < 0.2 GeV/c 2 excellent agreement between the data and the 
cocktail is obtained. Here the ratio of data/decays is 0.98±0.11(stat)±0.16(syst). In the 
high mass region m ee > 0.2 GeV/c 2 , however, the data exceeds the cocktailby a factor of 
5.1±1.3(stat)±1.0(syst) with an additional systematic error of 1.5 from the cocktail. This 
enhancement is larger than that observed at full SPS energy as quoted above, while the 
yield itself is not much larger than at 158 AGeV/c. Note that in the comparison of the 
enhancement factors between the two energies the additional systematic uncertainty from 
the cocktail essentially drops out. 

Along with the data, model predictions [ |18[ are presented for this energy. Again, a 
treatment of the p unmodified by medium effects is clearly ruled out. However, once more 
the data do not allow to discern the two scenarios involving in-medium modifications of 
the p propagator with a shifted mass, i.e. Brown/Rho scaling [ [15], 18|, or with a spread 
width fill. 
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Figure 8. Invariant pair-p^ e spectra for e + e~-pair masses m ee <0.2 GeV/c 2 (left panel) and 
m ee >0.2 GeV/c 2 (right panel) compared to hadron decays and model calculations (line 
codes and errors as in Fig. H). 



9 



5.2. Invariant transverse momentum spectra of e + e -pairs 

The invariant differential pair tranverse momentum spectra (pf e ) are shown in Fig- 
ure H for masses m ee <0.2 GeV/c 2 and m ee >0.2 GeV/c 2 respectively. It can be seen 
that the Dalitz region with m ee <0.2 GeV/c 2 is well reproduced by the hadron decay 
cocktail without significant contributions from pion annihilation. The steep cut-off below 
pl e <0.4 GeV/c is due to the minimum transverse momentum cut of 0.2 GeV/c for the sin- 
gle electron. The pair transverse momentum distribution for pairs with m ee >0.2 GeV/c 2 , 
however, is strongly enhanced for pairs with p\ e <0.6 GeV/c compared to the cocktail. 
Here, all model calculations (also the one using the vacuum p spectral function) describe 
the pair transverse momentum spectra reasonably well. Therefore, the shape of the spec- 
trum appears to mostly exhibit the basic feature of 7r + 7r~ annihilation rather than medium 
effects, while the latter affect the shape of the invariant mass spectrum. 



6. DISCUSSION OF RESULTS 

We find, both at 158 AGeV/c as well as at 40 AGeV/c, that the production of e + e~- 
pairs with m ee >0.2 GeV/c 2 is significantly enhanced as compared to expectations 
from hadron decays. Moreover, the enhancement is larger at 40 AGeV/c compared to 
158 AGeV/c. In both cases, theories based on 7r + 7r~ annihilation are only able to de- 
scribe the data, if medium modifications of the p propagator are included [ [15], [16|, [H], [L8|| . 

Comparison of the two energies sheds light on the interesting question whether changes 
in the properties of the p propagator are more sensitive to changes in the temperature or 
changes of the baryon density as favored by theory [ [H| [H], [T7], [TI| . In order to evaluate the 
e + e~-rates one would need complete knowledge of the dynamical evolution of the fireball. 
There is no direct handle on the time spent in the various stages of the collision (with the 
exception of the emission duration of at most 2-3 fm/c and the thermal freeze-out time of 



6-8 fm/c from HBT measurements [ [19], ^T|). The evolution in terms of temperature and 
baryochemical potential can, however, be determined at chemical and thermal freeze-out. 
At chemical freeze-out the total baryon density can be estimated from statistical model 
calculations fitted to measured particle ratios. It is found to be approximately 0.75 in 
units of normal nuclear matter density po & t associated temperatures of 168(145) MeV 



for 158(40) AGeV/c [ 22"]. The baryon density at thermal freeze-out can be derived from 



the measured HBT-radii [ 19, £(J, |2T| and rapidity densities [23]. It is 0.34(0.53) at 
temperatures of 120(120) MeV for 158(40) AGeV/c. Note that after chemical freeze-out 
these baryon densities are all below po- Adding in results on initial baryon densities 
from transport calculations [ p4[ , the baryon density appears to be consistently higher all 
the way along the fireball trajectory at the lower beam energy, including a part before 
reaching chemical equilibrium. 

Theoretical calculations which evolve the system through such higher baryon densities 
are in agreement with the observed increased enhancement at the lower beam energy [ 



18"]. Taken together, these observations therefore support the importance of coupling the 
p propagator in the medium to baryon density rather than temperature. 

The TPC calibration for the 2000 data has been completed; the analysis of the large 
number of events taken at the full SPS energy is about to start. With this data it should 
also be possible to study the behavior of the u and the <p. It would further be interesting 
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to compare the invariant mass spectrum of n + 7i -pairs [ 25 to that from e + e -pairs 



which may allow to discriminate between earlier and later stages of the collision. 
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